Administration of erythropoietin (EPO) during or immediately after myocardial ischemia can reduce subsequent myocardial apoptosis, a key phenomenon in myocardial ischemia-reperfusion injury. In this study, we assessed the effect of EPO on 99m Tcannexin V myocardial uptake and whether the accumulation of 99m Tc-annexin V can predict cardiac remodeling and functional deterioration. Methods: Eighteen rats with left coronary artery (LCA) occlusion were randomized to receive either an intravenous injection of EPO (EPO group) or saline (nontherapy [nT] group) immediately after release of the occlusion. After 20 min of LCA occlusion and 30 min of reperfusion, the rats were injected with 99m Tc-annexin V. One hour after 99m Tc-annexin V injection, the LCA was reoccluded and 201 Tl was injected intravenously, and the rats were sacrificed 1 min later. The heart was removed and sectioned, and dual-tracer autoradiography was performed to evaluate the distribution of the area at risk (defined on the thallium autoradiograph) and the area of apoptosis (defined on the annexin autoradiograph). Adjacent histologic specimens had deoxyuridine triphosphate nick-end labeling (TUNEL) staining to confirm the presence of apoptosis and were compared with autoradiography. Another 16 rats were randomized to EPO and nT groups and underwent echocardiography immediately after release of the LCA occlusion and at 2 and 4 wk after surgery. Results: The areas of 99m Tc-annexin V accumulation in the EPO group were smaller than those in the nT group, though the 201 Tl defect areas of these 2 groups were comparable (area ratio, 0.318 6 0.038 vs. 0.843 6 0.051, P , 0.001, for annexin and 24.8 6 2.1 vs. 25.9 6 2.6 mm 2 , P 5 NS, for thallium). 99m Tc-annexin V accumulation correlated with the density of TUNEL-positive cells (r 5 0.886, P , 0.001). In the nT group, left ventricular end-diastolic dimension (Dd) increased from baseline at 2 wk by 34.7% 6 3.8% and remained stable at 34.9% 6 5.0% at 4 wk after coronary occlusion. In the EPO group, Dd increased by 8.5% 6 2.1% (P , 0.01 vs. nT at 2 wk) and 13.2% 6 2.8% (P , 0.01 vs. nT at 4 wk). In the nT group, the left ventricular percentage of fractional shortening decreased by 42.2% 6 3.4% and 52.9% 6 3.4% at 2 and 4 wk, respectively, whereas in the EPO group it decreased 9.0% 6 1.9% at 2 wk (P , 0.01 vs. nT at 2 wk) and 11.1% 6 6.7% at 4 wk (P , 0.01 vs. nT at 4 wk). Conclusion: This study demonstrated that a single treatment with EPO immediately after release of coronary ligation suppressed cardiac remodeling and functional deterioration. 99m Tc-annexin V autoradiographs and TUNEL staining confirm that this change is due to a decrease in the extent of myocardial apoptosis in the ischemic/ reperfused region.
Rest oration of oxygen to ischemic myocardium induces apoptosis in the ischemic myocytes (1) (2) (3) (4) . In severe, prolonged ischemia, apoptosis occurs before necrosis during the later stages of ischemic injury (5, 6) . Elimination or reduction of apoptosis would reduce the infarction and the likelihood of cardiac remodeling and of decreased left ventricular (LV) function in the infarction region and, overall, could improve prognosis.
Although erythropoietin (EPO) was developed as a hematopoietic growth factor, stimulating the production and release of red blood cells, EPO has recently been shown to protect ischemic neural and myocardial tissue (7) (8) (9) . The hematologic and neuro/cardioprotective roles of EPO are caused by the interaction of EPO with 2 different receptors. The classic EPO receptor is responsible for the red blood cell response, whereas the interaction with the b common-receptor is responsible for the tissue protective effects (10) . In a rat study, EPO administration dramatically reduced infarct size, resulting in improvement of long-term cardiac contractility (11) . A single dose of EPO administered immediately after release of coronary artery ligation reduced LV remodeling and dysfunction in animals undergoing experimental myocardial infarction, though the dose of EPO was far above that usually used to treat anemia (12) . Additional studies explored various doses and intervals between ischemic injury and EPO administration to preserve cardiac function after ischemiareperfusion injury (12) (13) (14) . The antiapoptotic effect of EPO has been suggested as the mechanism for myocardial preservation.
Under normal circumstances, phosphatidylserine, a constituent of membrane phospholipids, is actively restricted to the inner leaflet of the plasma membrane by the action of 2 enzymes, translocase and floppase. Early in the course of apoptosis, these enzymes are inactivated. As translocase and floppase are inactivated, scramblase, an enzyme that equilibrates the membrane lipids on the inner and outer leaflet of the cell membrane, is activated. This combination of enzyme inactivation and activation results in the rapid appearance of phosphatidylserine on the outer leaflet of the cell membrane (15) .
Annexin V, a physiologic protein with a molecular weight of about 36 kD, binds with nanomolar affinity to membranebound phosphatidylserine (16, 17) . Both in vitro and in vivo methods have been developed that use this characteristic of annexin V binding to identify cells in the early stages of apoptosis (18) (19) (20) . For example, Peker et al. have used 99m Tc-labeled annexin V to detect apoptosis as a result of ischemia-reperfusion injury in vivo (21) . Other investigators have used radiolabeled annexin V to identify apoptosis in acute cardiac allograft rejection, subacute myocarditis, and acute doxorubicin cardiotoxicity (20) (21) (22) .
This study was performed to determine the effect of a single intravenous dose of EPO on apoptotic activity and ventricular function in animals subjected to ischemia-reperfusion.
MATERIALS AND METHODS

Materials
Mutant annexin V (annexin V-117, a recombinant human annexin engineered to include a binding site for technetium, generously provided by John Tait, University of Washington) was produced by expression in Escherichia coli as previously described (23) . This material preserves phosphatidylserine-binding activity equivalent to that of native annexin V. Labeling efficiency was consistently above 92%, providing a specific activity of approximately 7.4 MBq per microgram of protein using a previously described radiolabeling protocol (23) . Under these conditions, annexin V labeling was stable for at least 4 h.
Recombinant human EPO was kindly provided by Chugai Pharmaceutical Co., Ltd.
Animal Model of Ischemia and Reperfusion Injury
Eighteen Male Wister rats (10 wk old; body weight, 305 6 12.4 g) were anesthetized with intraperitoneally administered pentobarbital (20 mg/kg) and intubated, and anesthesia was maintained with inhalation of 2% isoflurane in 1.0 L of oxygen/min during volumecontrolled ventilation. The heart was exposed through a left thoracotomy; a pledgeted 5-0 silk suture on a small, curved needle was passed through the myocardium beneath the proximal portion of the left coronary artery (LCA); and both ends of the suture were passed through a small vinyl tube to make a snare. The suture material was pulled tightly against the vinyl tube and secured by a keeper on the tube to occlude the LCA. Animals were randomized to receive either a single intravenous injection of EPO (200 units/kg in 0.3 mL of saline) or an equivalent volume of saline immediately after release of LCA occlusion (EPO group and nontherapy [nT] group, respectively, n 5 9 in each). Myocardial ischemia was confirmed by ST-segment elevation on electrocardiography, regional cyanosis of the myocardial surface, and decreased regional wall motion. After a 20-min occlusion of the LCA, reperfusion was obtained by removal of the keeper and release of the snare and was confirmed by the change from cyanotic to pink in the myocardial risk area. During reperfusion, the snare was left loose on the surface of the heart for reocclusion. Approximately 55.5 MBq of 99m Tc-annexin V were injected via a tail vein at 30 min after reperfusion. One hour after 99m Tc-annexin V injection, the snare occluder was again pulled tightly and 0.185 MBq of 201 Tl was injected via a tail vein to delineate the area at risk. One minute later, the rat was euthanized by a bolus injection of 4 mL of 0.5 M KCl. The heart was excised, rapidly rinsed in saline, embedded in methylcellulose, and frozen in iced n-hexane. Serial short-axis heart sections (20-and 8-mm shortaxis sections adjacent to each other) were obtained using a cryostat for autoradiography and histologic analysis, respectively. This study was approved by the institutional Animal Care Committee at Kyoto Prefectural University of Medicine.
Dual-Tracer Autoradiography
Dual-tracer autoradiography of the LV short-axis slices was performed using a bio-imaging analyzer system (BAS5000; Fuji Film). The apoptotic area was determined from the 99m Tc-annexin V uptake area, and the area at risk was determined from the 201 Tl defect area. The first autoradiographic exposure was performed for 30 min to visualize 99m Tc-annexin V. Approximately 72 h later (12 half-lives of 99m Tc), the second exposure of the same heart sections was performed for 36 h to delineate the area at risk, expressed as 201 Tl defect area.
Data Analysis of Autoradiography
The extent and the density of the 2 radionuclides were quantitatively analyzed using the bio-imaging analyzer system. After exposure, the bioimaging plate was placed in a reader to determine the photostimulated luminescence (PSL) in each pixel (25 · 25 mm). These data were recorded for each animal and each nuclide. The accumulation of 99m Tc-annexin V was assessed in 4 midventricular short-axis frozen sections. The region of decreased thallium activity seen on the autoradiograph was outlined, and the region of interest was transferred to the 99m Tc-annexin V autoradiograph to evaluate 99m Tc-annexin V uptake. Four background ROIs were set adjacent to the left ventricle in each autoradiograph, and the mean PSL per unit area (1 mm 2 ) of the 4 background ROIs was defined as background tracer uptake. The uptake values of each ROI were calculated as the background-corrected PSL per unit area (1 mm 2 ). The area ratio and the density ratio were defined as the indicator to evaluate the extent and intensity, respectively, of 99m Tc-annexin V uptake. The area ratio calculated by dividing 99m Tc-annexin V uptake area by 201 Tl defect area indicates the extent of the apoptotic area in the area at risk. The density ratio of 99m Tc-annexin V was calculated by dividing the uptake values of the 99m Tc-annexin V uptake area by that of the normally perfused area. All parameters were expressed as an average value obtained from the analysis of 4 midventricular short-axis slices in each rat.
Histopathologic Examinations
Four sets of short-axis frozen sections adjacent to the slices for autoradiography were stained with terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) using a commercially available kit (in situ cell death detection kit, fluorescein isothiocyanate labeling; Roche Applied Science) according to the manufacturer's protocol. As a positive control of TUNEL staining, we used rat intestine. Rhodaminelabeled a-sarcomeric actinin (DAKO) was simultaneously used for the detection of muscular structures. Digital photographs were taken under confocal microscopy at 200· magnification. TUNEL-positive cardiomyocytes were counted in 20 randomly chosen fields within the area at risk for each section. The mean density ratio of 99m Tcannexin V was compared with the mean number of TUNEL-positive myocytes in the corresponding area of each rat. Another 2 sets of short-axis frozen sections adjacent to the slices for autoradiography were stained with hematoxylin and eosin and examined histopathologically by light microscopy.
Echocardiography
Sixteen 10-wk-old Wistar rats (body weight, 308 6 15.6 g) were anesthetized (sodium pentobarbital, 30 mg/kg intraperitoneally) for a baseline ventricular function measurement by echocardiography (Sonos 5500 equipped with a 15-MHz phased-array transducer; Philips Electronics N.V.). The anesthetized rats were subjected to 20 min of myocardial ischemia and 30 min of reperfusion. Half the animals received a single intravenous injection of EPO (200 units/kg in 0.3 mL of saline) immediately after LCA occlusion (EPO group). The other rats received an equivalent volume of saline at the same time point (nT group). Echocardiography was performed immediately after release of the LCA occlusion and repeated at 2 and 4 wk after surgery. A parasternal long-axis view was recorded, ensuring that the mitral and aortic valves and the apex were visualized. A short-axis view was recorded at the level of the mid papillary muscles. Both 2-dimensional and motion-mode views were recorded at the same level. LV end-diastolic dimension (Dd) and endsystolic dimension (Ds) were measured from motion mode in both short-and long-axis views. The LV percentage of fractional shortening (%FS) in the long-axis view was calculated as %FS 5 (Dd 2 Ds)/Dd · 100. All measurements were taken and averaged over 5 consecutive cardiac cycles by 1 observer who was unaware of the treatment with EPO. The reproducibility of measurements was assessed at baseline by 2 sets of measurements in 10 randomly selected rats. The repeated-measures variability did not exceed 65%. Blood (0.5 mL) was collected from the jugular vein under pentobarbital anesthesia just before and after operation and at 4, 10, and 28 d after operation to determine the hematocrit level (measured in triplicate).
Statistical Analysis
Results were expressed as mean 6 SD. Statistical analyses were performed using a Windows computer with StatView software (version 5.0; SAS Institute Inc.). Comparisons between the 2 groups were made using an unpaired t test. The time course of the changes was compared by repeated-measures ANOVA with the Scheffé post hoc test. The relationship of 99m Tc-annexin V uptake in the area at risk was correlated with the number of TUNEL-positive cells by linear regression. A value of P less than 0.05 was considered statistically significant.
RESULTS
Autoradiographic Detection of Early Apoptotic Cells
Representative images of dual autoradiography are shown in Figure 1 . In the nT group, 99m Tc-annexin V accumulated strongly at the central zone of the myocardial area at risk, predominantly in the mid layer of myocardium. Compared with the nT group, the accumulation of 99m Tc-annexin V was reduced in the EPO group. The areas of 99m Tc-annexin V accumulation were smaller in the EPO group than in the nT group. Quantitative analyses demonstrated that the area ratio and density ratio of the EPO group were significantly smaller than those of the nT group (area ratio, 0.318 6 0.038 vs. 0.843 6 0.051, P , 0.001; density ratio, 22.2 6 4.2 vs. 108.3 6 14.0, P , 0.0001) (Fig. 2) . The 201 Tl transmural defect areas of these 2 groups did not significantly differ in size (24.8 6 2.1 vs. 25.9 6 2.6 mm 2 , P 5 0.56).
Comparison of Histologic Findings with 99m Tc-Annexin V Autoradiography Figure 3 showed the representative tissue sections of TUNEL staining in each group. The myocardium in both groups showed no inflammatory cells, no necrotic cells, and no myocardial degeneration on the light microscopic examination of the hematoxylin-and eosin-stained slices. TUNEL-positive cells were scattered at the mid layer of the myocardial area at risk in the nT group. In contrast, TUNEL-positive cells were localized to a small area in the EPO group. In both groups, the distribution of TUNEL-positive cells agreed closely with FIGURE 1. Autoradiography of 99m Tc-annexin V and 201 Tl. Midventricular slices are shown from representative animals from each group. 99m Tc-annexin V uptake area indicates myocardial apoptotic area, whereas 201 Tl defect area demonstrates area at risk. In nT group, 99m Tc-annexin V highly accumulated at central zone of myocardial area at risk. Compared with nT group, accumulation of 99m Tc-annexin V was reduced in EPO group with regard to both size and density. (Fig. 4) . 
The Influence of EPO on Hematocrit
The average changes in hematocrit in rats treated with EPO (200 units/kg in 0.3 mL of saline) did not differ from those receiving an equivalent volume of saline just before and after operation and at 4, 10, and 28 d after operation (Table 1) .
Echocardiography
Baseline (presurgery) measurements of LV cavity size (Dd) and LV systolic function (%FS) were similar in the groups assigned to EPO and nT. After coronary ligation/ release, the depression in ejection fraction (36.1 6 3.9 vs. 36.8 6 3.1, P 5 0.91) was similar in the 2 groups (Table 2) . Figure 6 illustrates the average changes in Dd and %FS at 2 and 4 wk after ischemia-reperfusion injury. In the nT group, Dd increased to a greater extent from 0 to 2 wk than from 2 to 4 wk. The percentage change in Dd at 2 and 4 wk after the surgical procedure, compared with baseline data immediately after ischemia-reperfusion injury, was 34.7% 6 FIGURE 2. Area ratio calculated by dividing 99m Tc-annexin V uptake area by 201 Tl defect area would indicate extent of apoptotic area in area at risk. Density ratio calculated by dividing uptake value of 99m Tc-annexin V uptake area by that of normally perfused area would reflect intensity of apoptosis in apoptotic area. Area ratio and density ratio of EPO group were significantly smaller than those of nT group (area ratio: 0.318 6 0.038 vs. 0.843 6 0.051, P , 0.001; density ratio: 22.2 6 4.2 vs 108.3 6 14.0, P , 0.0001). 3.8% and 34.9% 6 5.0%, respectively. On the other hand, in the EPO group, the percentage change in Dd at 2 and 4 wk after ischemia-reperfusion injury was just 8.5% 6 2.1% (P , 0.01 vs. nTat 2 wk) and 13.2% 6 2.8% (P , 0.01 vs. nT at 4 wk), respectively.
A significant difference was observed in %FS between the EPO and nT groups over the 4-wk follow-up. Compared with the baseline data immediately after ischemia-reperfusion injury, %FS in the nT group declined by 42.2% 6 3.4% and 52.9% 6 3.4% at 2 and 4 wk. The LV performance of the nT group declined more steeply from 0 to 2 wk than from 2 to 4 wk. The %FS in the EPO group decreased slightly at 2 wk (29.0% 6 1.9%, P , 0.01, vs. nTat 2 wk) and 4 wk (211.1% 6 6.7%, P , 0.01, vs. nT at 4 wk).
These data suggest that the marked enlargement of the LV cavity and the steep decline of LV contractile function occurring in the nT group in the 2 wk after occlusion/release was suppressed by a single injection of EPO.
DISCUSSION
In this study, the extent of apoptosis after ischemiareperfusion injury was markedly reduced after a single intravenous dose of EPO. This reduction of apoptosis was seen in histologic TUNEL staining of the myocardium in the area at risk and in autoradiographic studies with 99m Tc-annexin V within 1 h of EPO administration. Moreover, echocardiography demonstrated that a single systemic administration of EPO immediately after coronary ligation minimized LV remodeling and preserved contractile function at 2 and 4 wk after surgery.
99m Tc-annexin V has been reported to be highly sensitive in detecting apoptosis immediately after ischemia-reperfusion myocardial injury (24, 25) . 99m Tc-annexin V has been used to image injured myocardium after acute MI in patients undergoing acute coronary angioplasty (26) . In 6 of 7 patients, increased uptake of 99m Tc-annexin V was seen in the infarct area of the heart on early and late SPECT images, suggesting that apoptosis occurs in that area. Taki et al. reported similar findings with 99m Tc-annexin V localization in the area at risk early after ischemia-reperfusion injury (14) . The concentration of 99m Tc-annexin V in the area at risk was concordant with the distribution of TUNEL-positive cells. In their study, 99m Tc-annexin Vaccumulation was most prominent at 30-90 min after reperfusion and then gradually declined, whereas the number of TUNEL-positive cells peaked at 6 h to 1 d after reperfusion. In our study, 99m Tc-annexin V accumulation clearly delineated the area of the apoptotic myocardium in the 20-min occlusion/30-min reperfusion model, consistent with the results of previous studies (14,24,25,) . The previous investigation reported that, with TUNEL staining, EPO can limit the size of LV infarction (12) . In this study, EPO therapy caused a 2.7-fold reduction of 99m Tc-annexin Vaccumulation in the ischemic risk area.
Previous studies reported that a single administration of EPO increased the number of circulating reticulocytes by 3-4 d (reaching a maximum by days 8-11) (27, 28) . In the present study, the hematocrit in the rats treated with EPO did not differ from that in rats receiving saline just after operation and at 4, 10, and 28 d after operation. Therefore, the response Table 2 ). *Significant difference (P , 0.01) between nT and EPO groups in percentage change in LV Dd and fractional shortening at weeks 2 and 4.
seen in the current experiment is unlikely related to an increase in the oxygen-carrying capacity of the blood. The cardio-and neuroprotective properties are likely due to the interaction of EPO with the common b-receptor. This receptor requires a higher concentration of EPO and has the effect of reducing apoptosis. Previous studies in a rabbit model demonstrated that a single dose of EPO (5,000 units/ kg) reduced infarct size from 35% to 13.8%, in keeping with the results in the present study (3) . This acute effect persists over the subsequent 4-wk interval of observation. Previous observations have demonstrated a favorable influence of the antiapoptotic effect of EPO on long-term LV chamber size and function after myocardial ischemia (12, 13) . Moon et al. showed that a single dose of EPO at the onset of myocardial infarction reduced infarct size and reduced LV remodeling and dysfunction measured by echocardiography during the subsequent 8-wk period (12) . Our results confirm that a single intravenous injection of EPO immediately after coronary occlusion suppressed LV remodeling and contractile deterioration at 4 wk after surgery. The results of 99m Tc-annexin V autoradiography and TUNEL staining suggest that the beneficial effect of EPO is due to a remarkable suppression of apoptosis in the area at risk in this rat ischemia-reperfusion injury model. The mechanism of apoptosis reduction may be due to a phosphatidylinositol-3 kinase/Akt dependent pathway, as demonstrated in vivo in dog hearts (29) .
Although prolonged administration of EPO is associated with adverse effects related to hematocrit elevation, such as hypertension and thromboembolic complications (30, 31) , a single administration of EPO, even at the higher doses used in this study, had a beneficial effect on the preservation of cardiac function after ischemia-reperfusion injury.
This study had 2 limitations. The first was the inability to assess the other effects of EPO on LV remodeling and function after myocardial infarction, though more recent studies reported that EPO possesses proangiogenic properties promoting neovascularization related to infarct size reduction after myocardial infarction (32) . The second limitation was that we studied the feasibility of 99m Tc-annexin V to assess the antiapoptotic treatment of EPO at only 1 time point, 30 min after the beginning of reperfusion. Further examination is needed to know the optimal timing for EPO injection as well as the optimum time for 99m Tc-annexin V injection and imaging to assess the cardioprotective effect of EPO.
CONCLUSION
The present study demonstrated that 99m Tc-annexin V is useful to evaluate myocardial apoptosis associated with ischemia-reperfusion injury. The ratio of the perfusion area at risk to annexin V lesion size is a useful indicator of myocardium salvaged by acute administration of EPO. The echocardiographic study showed that a single treatment with EPO immediately after coronary ligation suppressed cardiac remodeling and functional deterioration for at least 4 wk after the acute insult. These studies suggest that a single dose of EPO may be useful to prevent long-term cardiac remodeling and dysfunction after ischemia-reperfusion injury.
